We report the measurement of the viscosity and density of various diesel fuels, obtained from British refineries, at elevated pressures up to 500 MPa and temperatures in the range 298 K to 373 K. The measurement and prediction procedures of fluid properties under high pressure conditions is of increasing interest in many processes and systems including enhanced oil recovery, automotive engine fuel injection, braking, and hydraulic systems. Accurate data and understanding of the fluid characteristic in terms of pressure, volume and temperature is required particularly where the fluid is composed of a complex mixture or blend of aliphatic or aromatic hydrocarbons. In this study, high pressure viscosity data was obtained using a thermostatically-controlled falling sinker-type high pressure viscometer to provide reproducible and reliable viscosity data based on terminal velocity sinker fall times. This was supported with density measurements using a micro-pVT device. Both high-pressure devices were additionally capable of illustrating the freezing points of the hydrocarbon mixtures. This work has, thus, provided data that can extend the application of mixtures of commercially available fuels and to test the validity of available predictive density and viscosity models. This included a Tait-style equation for fluid compressibility prediction. For complex diesel fuel compositions, which have many unidentified components, the approach illustrates the need to apply appropriate correlations, which require accurate knowledge or prediction of thermodynamic properties.
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Introduction
The demand for transport, together with the increasing scarcity of world fuel resources, has been responsible for many of the advances in crude oil recovery, fuel development, and the internal combustion engine. Depleted oil reservoirs are increasingly being revisited with more sophisticated ways of recovering the remaining oil deep below ground level. Above land, developments over the past century have led to modern domestic automobiles and heavy goods vehicle units bearing little resemblance to the noisy, polluting, low power, and efficiency engines of the early pioneering models. The diesel engine, in particular, originally developed by Dr Rudolph Diesel at the end of the nineteenth century, has been completely revolutionized in recent times. The development of diesel engine technology has, to a large extent, been driven by legislation and the public demand for lower emissions of noise, particulates, and gas emissions including carbon monoxide, carbon dioxide, and the oxides of sulphur and nitrogen.
Unlike the early pioneering models, modern automotive diesel engines now operate using a high-pressure common rail system. This involves injecting fuel into the cylinders at very high pressure. The rapid atomization of the fuel with thorough mixing with air and compression ensures rapid and complete combustion. The result is high power efficiency, minimum noise, and low particulate emissions. This has consequently either reduced or eliminated the requirement for costly NOx after-treatment devices [1] . Within the European Union, such engines are also expected to start up and operate within a range of fuel compositions available from country to country, produced and available season to season and across a wide range of ambient and sub-ambient temperatures.
The common rail form of injection system has been successfully developed to meet the stringent requirements governing emissions of all types of diesel engines. This involves a single high-pressure fuel pump that feeds the fuel to a manifold (or common rail) from which the fuel is fed to the fuel injectors of each cylinder in the diesel engine. High-pressure injector nozzles to the engine cylinder are used provide a more complete combustion and reduction of soot emissions and noise levels and thus meet necessary legislative requirements [2] .
The effective design of a fuel injection system requires the understanding of the thermophysical properties of the fuels over the range of conditions experienced by the common rail where pressure may be as high as 200 MPa. Leakage from the system is an important aspect of the design in which clearances must be sufficiently tight to prevent gross displacement of liquid fuel. However, there is a requirement for some free movement of moving parts. To assess the leakage rate, it is necessary to have an accurate estimate of the viscosity and density of the fuel and the flow behavior with respect to temperature and pressure. During leakage, pressure-volume energy is converted to thermal energy, raising the temperature of the fuel thereby affecting both the density and viscosity. An accurate measurement of the physical properties of viscosity and density of fuels is therefore essential to minimize errors in the design of diesel engines. Such knowledge is additionally essential in the accurate measurement of fuels such as crude oil at conditions experienced at source since crude oil is increasingly being sourced at greater depths, and thus higher pressures. It is essential to possess accurate estimates of the properties of a given crude composition with respect to pressure for fiscal flow accountancy purposes. High temperatures and extreme pressures are also encountered braking and hydraulic systems. The need for knowledge and understanding of the characteristics of complex fluids in terms of pressure, volume, and temperature is essential if designs are to be safe, reliable, economic, and efficient.
For the common rail system, both density and viscosity of the diesel fuels can vary significantly under high pressure and temperature. There may also be a change of phase with potential blockage of narrow pipes and tubes. Equally, low ambient temperature diesel waxes can also cause blockage, which is a major issue particularly in the colder climes. Understanding of the behavior of these hydrocarbon fuels is therefore crucial [3] . While there are reports on the measurement and prediction of diesel properties at ambient or high temperature conditions, comparatively little work has been reported at high pressure and temperature [4, 5] . Temperature effects on the dynamic viscosity and density of hydrocarbon and petroleum distillation cuts at high pressure are well known as is the phenomenon of pressure-freezing [6] . Fortunately, high temperatures and pressures are unlikely to affect the performance of the engine due to the time to reach equilibrium in running engines, particularly at the point of starting an engine from ambient temperatures. While there is a growing body of information concerning the variations of viscosity of substances with both temperature and pressure, we have, in this work, examined the combined effect of high pressure typically used in common rail engines and above at ambient and temperatures of up to 373K in terms of density prediction and viscosity measurement for a number of mineral diesel fuels taken directly from two British petrochemical refineries with and without additives.
Experimental Section
The (summer) diesel fuels examined in this work were obtained directly from two British refineries. These were Fuel 1: Refinery 1 with no performance or handling additives. Fuel 2: Refinery 1 with both handling and performance additives. Fuel 3: Refinery 2 with both handling and performance additives. Fuel 4: Refinery 2 with 5% rape methyl ester. Fuel 5: A commercially available retail fuel.
High-Pressure Viscometer
The viscosity of the fuels was measured using a falling sinker high-pressure viscometer. This type of viscometer, designed and constructed by the National Engineering Laboratory consists of a vertical tube through which the sinker falls at terminal velocity, and has been previously used to measure the viscosity of both pure liquids and complex mixtures [7] . Both the tube and sinker were fabricated from a single piece of the same material (either non-magnetic En 58J stainless steel or titanium; for this work titanium was used), thereby minimizing compressibility and thermal expansion effects. The viscometer design is based on a falling sinker in which gravity is used to provide the applied force. Viscosity measurements are determined from the time taken for a cylindrical sinker to descend down a vertical tube containing the sample liquid. The entire viscometer tube was contained within a high-pressure vessel rated to 1 GPa. Having a hemispherical nose, and being self-centering, the descent of the sinker was detected by way of electrical signal induced by a ferrite core embedded into the sinker as it passed copper coils surrounding the tube. A change in inductance as the ferrite core of the sinker passed each coil was transmitted through a bridge circuit and amplified for capture on a PC and recorded as peaks. The time taken to pass two coils, a given distance apart, and the dimensions of the viscometer and sinker were sufficient to determine the viscosity of the liquid with an appropriate calibration. The viscometer assembly, shown in Figure 1 , was approximately 23 cm in length, with an external diameter of 2.4 cm and an internal diameter of 7.645 mm. The sinker had a diameter of 7.420 mm with a small cylinder of ferrite embedded within the core. The sinker dimensions are significant in that the sinker is designed to be self-centering allowing it to descend through the center of the vertical tube containing the sample liquid. The viscosity was determined directly from the time taken for the sinker to descend at terminal velocity a fixed vertical distance of 14 mm between the two lacquered copper detection coils each with an approximate equal electrical resistance and wrapped around the outside of the tube. Terminal velocity was confirmed to have been reached, experimentally, far in advance of reaching the two coils. Both coils were connected in series and formed the active arm of a balanced bridge circuit. The three other arms of the bridge were remote from the viscometer and outside the vessel. The electrical connections passed out of the vessel through a ceramic seal. The out-of-balance electrical signal from the bridge was amplified and passed through an AC and DC converter for data-logging on a PC. As the sinker passed the detection coils, the DC signal increased to a maximum at the point where the ferrite core of the sinker was positioned at the center of the coil. In this way, it was possible to have a peak corresponding to the sinker passing each coil. The sinker fall-time was measured in milliseconds and the duration of the sinker fall between the coils was dependent on the viscosity, typically ranging between 6000 and 30,000 milliseconds.
The pressure within the viscometer was generated and transmitted by a two stage pressurizing system using a paraffin/Shell Tellus oil mixture as the hydraulic medium. Pressures up to 200 MPa were generated directly via an air-driven pump operating from a 7 bar airline. Higher pressures (up to a possible maximum of 500 MPa) were generated using a piston intensifier. The hydraulic pressure was transmitted to the sample fuels using a PTFE expansion sheath located at the bottom of the viscometer tube to allow for compression of the samples. A calibrated Kistler piezo-resistive pressure gauge type 4618A0 was used to measure the high pressure within the pressure vessel. Over the course of a fall time measurement, the pressure in the vessel was normally stable to within 0.2 MPa. The viscometer operated with the vertical descent of the sinker down the tube. To return the sinker to its original starting position between each measurement the entire pressure vessel was inverted.
From the time taken for the sinker to pass the two detection coils, the viscosity was able to be determined analytically from the free descent of the sinker under the influence of gravity based on the shear stress profile across the annular gap [8] .
The equations of motion of a cylindrical body falling axially down a vertical circular tube with laminar flow have been previously given by Isdale [9] . For the sinker, which falls a defined distance between the two detected coils a distance L T apart in time t, the viscosity is determined to be:
where A is based on the physical dimensions of the sinker and tube given by: In practice, however, there is a discrepancy between the actual viscosity and determined viscosity due to vortex shedding from the tail of the sinker present, even at very low Reynolds numbers. This has been previously confirmed by both experiment and CFD analysis [8] . It is also known that fully developed laminar flow does not exist within the annulus.
Calibration data using iso-octane, hexadecane and S20 oil at temperatures from 298.14 to 373.17 K were obtained in triplicate and examined in relation to a modified Reynolds number (Re m ) within the annulus between the sinker and tube of the form: ) ( The derivation of Re m has been shown previously [10] . High viscosity fluids provide longer sinker fall times in which the fluid exhibits a lower Reynolds number. From the physical dimensions of the sinker and using the properties of iso-octane, hexadecane and S20 oil, the calibration coefficients were determined for the various temperatures studied [11] (Table 1) . 
The temperature of the viscometer tube was thermostatically controlled; the entire pressure vessel containing the viscometer tube was immersed in 240 liters of oil with temperature generation and control provided by steel-sheathed, mineral-insulated heating coils. Five coils provided constant background heating for high temperature operation. In conjunction with a thermostatically-controlled coil, this enabled the oil to be set and maintained at any temperature between 298 K and 373 K. In addition, the oil tank containing the pressure vessel was insulated to reduce heat loss, with at least one hour allowed to reach equilibrium for each of the temperatures. The average temperature of the oil in the bath was measured using two calibrated 100 Ω platinum resistance thermometers. Over the course of a fall-time measurement the average temperature of the oil was normally stable to within 0.05 K. Previous work [9] had shown that this corresponds to temperature stability of 0.005 K in the viscometer, due to the thermal inertia of the pressure vessel. For this work, set point temperatures of 298 K, 323 K, 348 K, and 373 K were used.
At each temperature and pressure, a minimum of three fall-time measurements were made or until three consecutive measurements agreed to within 0.2% of the mean value. However, a full uncertainty analysis indicates that the uncertainty in viscosity at elevated temperature and pressure is 2.0% (at k = 2), primarily due to the contribution arising from the calibration process.
Density Determinations
The determination of accurate viscosity data using the high-pressure viscometer requires the availability of accurate liquid density data. Compressed liquid density at elevated pressure and temperature can be measured with some certainty using experimental methods. Usually, in the absence of an accurate experimental procedure, density data are obtained using equations of state or various empirical formulae, often with a high degree of certainty [12, 13] . In this case, equations of state, the Lee-Kesler and experimental procedures were used and compared.
Density data were determined experimentally with pressures also up to 500 MPa using a micro-PVT device at temperatures of 298 K, 323 K, 348 K, and 373 K. This device was based on a piston-in-bottle design and operated by means of translational-rotary displacement of a metal rod, which compressed the liquid sample at constant rate. The force exerted on the fluid was measured directly by a pressure sensor within the cell and the volume change determined from the displacement of the rod. Rotation of the rod minimized the friction between the rod and the seals. Pseudo-isothermal conditions were maintained during compression by using a low-speed of rotation and circulating water from a constant temperature water bath through a thermostatic jacket surrounding the high-pressure cell. The initial liquid volume was calculated from the reference position of the rod and the change in position of the rod from this reference position. The uncertainty of pressure measurement for the apparatus has been estimated to be better than 0.5 MPa over the 500 MPa range with an allowance being made for change in cell volume due to temperature and pressure [11] .
In principle, the micro-PVT device can be used in an absolute mode but like the falling sinker viscometer, improved accuracy can be obtained by calibration, in this case with fluids of known density. For this work iso-octane was used as the calibration fluid and a correction function derived. A full uncertainty analysis indicates that the density at elevated temperature and pressure is within 0.2% (at k = 2).
To support the experimental density determinations, density determinations were obtained from well-known cubic equations of state of the form:
and using critical point data to determine a and b where:
Van der Waals: 3 , 3 , 0 , 0
Redlich-Kwong:
Peng-Robinson:
While the Peng-Robinson equation of state provides the best estimate for hydrocarbons an uncertainty of better than 1% should be considered in proportion to the uncertainty of fall-time measurement and consequent influence on viscosity estimation. For more accurate work, a versatile method for the prediction of dense fluid thermodynamic properties is that of Lee and Kesler [14] . Unlike other methods, this method uses published critical property and acentric factor data directly without the calculation of intermediary characteristic parameters. This uses a three corresponding states principle to calculate the compressibility factor of the fluid of interest with respect to those of a simple fluid and a reference fluid defined by: As a method, it is desirable that the fluids used cover the range of acentric factors encountered in diesel fuel. A GC-FID analysis of several diesel fuels has shown that n-alkanes follow a normal distribution between C9 and C24, with C15 being the most abundant mass fraction. While straight chain n-alkanes between C10 and C19 individually constitute less than 1% of the total mass of diesel fuel mixture, the chain length of many of the components varies significantly [9] . As a consequence, iso-octane (2,4,4-trimethylpentane) and heptadecane were chosen as the reference fluids. Data were then fitted to a Tait-style equation to determine the compressibility factor as a function of both pressure and temperature of the form:
where B and C are the Tait coefficients for the fluid with C being a constant for each fluid and B a linear function temperature. o v is expressed as a function of temperature as:
where M is a constant and:
The constants are given in Table 2 . 
Results and Discussion
Density and viscosity measurements were made over a range of conditions for five different diesel fuels. The variation of viscosity and density with pressure for different temperatures are shown in Figures 2-11 . The experimental viscosity and density correlations are presented in Tables 3 and 4 . In general terms, the variation of viscosity with pressure for each of the fuels was found to be logarithmic in nature and was conveniently correlated with the exponential barus equation of the form bp ae p = (Table 3) . These correlations were found to fit up to the point that the sinker was unable to descend due to a change in phase as the result of blockage caused by the phase change of the larger hydrocarbon components. This pressure-induced metastable condition has potentially severe implications in blockage of common rail systems. The condition is alleviated with the immediate reduction of pressure. The expected increase in viscosity with pressure is attributed to the reduction of volume restricting movement of the long chain hydrocarbon molecules. In addition to the increase viscosity with pressure, each of the fuels was also noted as being temperature dependent with the lowering of viscosity with the increasing temperature. This phenomenon is to be expected due to the increase in molecular vibration and movement.
The ranked increase in viscosity with pressure across the temperature range was found to be Fuel 4 < Fuel 5 < Fuel 3 < Fuel 1 < Fuel 2. While it can be concluded that the viscosities increased with increasing pressure and decreased temperature, Fuel 2 which contained both handling and performance additives from Refinery 1, the viscosities were higher than those of Fuel 1 from the same refinery which did not contain the additives (Figures 2 and 4) . However, Fuel 3 from another British refinery also with handling and performance additives did not feature the same viscosity effects (Figure 6 ). There was a marginal increase in comparative viscosities for Fuel 3 when mixed with 5% rapeseed biodiesel ( Figure 8 ). This is perhaps to be expected since biodiesels generally feature higher pressure-induced viscosities [15] . Interestingly, the fuels from the two refineries were compared with diesel fuel obtained from the forecourt fuel of a commercial fuel retailer (Fuel 5). This fuel was most comparable to Fuel 1 without additives ( Compare Figures 2 and 10 ). Figure 12 illustrates the variation of the viscosities of the five fuels at 298 K for comparative purposes in which it can be seen that Fuel 2 from Refinery 1, with both handling and performance additives, has the highest viscosity over the widest range. The viscosity of the mineral Fuel 3 from Refinery 2 was found to be similar to the viscosity of the same fuel with the 5% biodiesel additive (Fuel 4).
In terms of density variation with temperature and pressure, each of the fuels illustrated an increase in density variation with increasing pressure, and decrease in density with temperature elevation (Table 4) . Both phenomena are expected due to the compression of molecules and reduction of molecular vibration, respectively. However, it was also noted that Fuels 1, 2, and 3 from the two refineries, with and without additives, had very similar densities (Figures 3, 5, and 7) , only marginally increasing for Fuel 3 with the biodiesel additive (Fuel 4, Figure 9 ). The highest density was found for the retail Fuel 5 ( Figure 11 ). There is clearly a variability in the density of fuels with both temperature and pressure, and the influence of additives, which are added by the refineries. In this work, experimental data for both viscosity and density was obtained for the diesel fuels. For accurate and reliable data, it was necessary to calibrate accurately the micro-pVT and high-pressure viscometer instruments. This required the use of calibration fluids that have known temperature and pressure variations. While useful, the use of equations of state and other correlations are limited to pure liquids or the use of simple mixtures. This is therefore problematic when considering the complexity of such refinery diesel fuels. Equations such as the Tait equation are useful and reliable but rely of the evaluation of many constants. More simple models have been developed, with some success, which require a single constant [4, 5] . Certainly, the reliability and accuracy of experimental data from the high-pressure viscometer and micro-pVT instruments are imperative if the data is to be meaningful for design, operational, and fiscal purposes.
The variation of the falling-sinker viscometer coefficient A was examined with respect to the variation of the modified Reynolds number. It is noted that the thermal expansion coefficient and compressibility of the sinker are small (7.6 × 10 −6 /K and 3.075 × 10 −6 /MPa, respectively) and can thus be ignored. In contrast, small measurement errors in radii of the tube and sinker, r 1 and r 2 , result in significant errors; the effects of which have been studied by Wehbeh et al. [16] . Ideally, the coefficient A is based on the physical dimensions of the sinker as shown. In practice, however, there is often a deviation in viscosity determined experimentally due to wall and end effects [17] [18] [19] [20] . The coefficient A is therefore adjusted using a calibration liquid of known properties under high pressure [21] . To confirm the cause of these deviations, 2-D and 3-D CFD studies have previously shown the presence of vortices shedding from the trailing edge of the sinker. The simulations have shown that fully developed laminar flow is not met within the annular gap [22, 23] . It has, however, been confirmed that the coefficient A tends towards the theoretical value for modified Reynolds numbers below 60. An incidental feature of the high-pressure viscometer is the detection of phase change in mixtures. This was highlighted by measurements made using diesel fuel with no additives at 298 K ( Figure 12) . A phase change of the heavier components prevents the movements of the sinker in the tube. In the fuel injector of the common rail diesel engine, the phenomenon of phase change is, however, unlikely to be a cause for concern in normal operation as the temperature of the engine will be higher than those used in the laboratory and the processes too fast for thermodynamic equilibrium to be obtained. However, from a thermodynamic viewpoint, these measurements provide useful information on the nature of freezing in mixtures and their detection. They also confirm reported problems of power loss and poor engine performance in cold start situations, where the fuel temperature entering the injector may be low enough to allow partial freezing and, hence. incomplete combustion.
Conclusions
The viscosity data for five diesel fuels was found by measurement of the terminal sinker fall times at pressures up to 500 MPa for temperatures up to 373 K. The viscosities of each of the fuels were found to increase exponentially with both increasing pressure and increasing temperature. This relationship is confirmed with the logarithmic plot of viscosity with pressure shown in Figure 12 . The accuracy of the data is dependent on sound experimental set up and requires the careful selection of a self-centering sinker and need for its calibration prior to testing. With the need for thermal stability for the equipment and long sinker descent times and subsequent restart by returning the sinker back down the tube by inverting the pressure vessel, this is a lengthy and time consuming process. The viscosity evaluations were also dependent on good density data with pressure. In this case, the equations of state, the Tait equation and experimental data using a micro-PVT apparatus provided the necessary data. The demand for accurate liquid data with pressure and temperature is essential if such data is to be of value and successfully used in an increasing number of high-pressure processes and applications.
